The mechanism of synergistic selective extraction of Am(III) over Eu(III) from aqueous nitric acid solutions using di(chlorophenyl)dithiophosphinic acid and neutral O-bearing organophosphorus co-extractants (B) [(Cl') 2 PSSH] has been investigated.
forms weaker complexes with Am(III) than (where R \ alkyl group). (Cl') 2 PSSH R 2 PSSH However, the complexes are stronger than the corresponding complexes, Am(III)/(Cl') 2 PSSH Eu(III)/(Cl') 2 PSSH although the di †erence is not as large as in the case of the corresponding complexes formed with The R 2 PSSH. donor properties of co-extractants are also discussed. Chemical shifts in the 31P NMR spectra of the organophosphorus co-extractants correlate qualitatively with the extractability of Am(III) and Eu(III) in (Cl') 2 PSSH synergistic mixtures. The synergistic e †ect determines the selectivity not only qualitatively but also ] B quantitatively. The high selectivity observed using tri-2-ethylhexyl phosphate (T2EHP) is caused by a synergistic bonding e †ect for the Am(III) complex and an antagonistic e †ect for Eu(III).
A donorÈacceptor mechanism is shown to promote Am(III) extraction for almost all B co-extractants. A contribution of entropy terms for extracted Eu(III) extraction is assumed to be signiÐcant. Interatomic distances in the Eu(III) complexes are calculated. R EuhS The softness of S-bearing extractants XYPSSH (with X and Y \ R, RO or is discussed from the point of ClC 6 H 4 ) view of the e †ective charge carried by the S atoms. The hardness of Eu(III) and Am(III) is evaluated.
Separation of the trivalent actinides/lanthanides [An(III)/ Ln(III)] groups is one of the key problems facing any new partitioning and transmutation nuclear waste management strategy being studied worldwide.1,2 In 1996, Zhu et al. 3 demonstrated that sulfur-bearing acidic extractants, R 2 PSSH (where R \ alkyl group), like Cyanex 301, exhibit extremely high efficiency for such a separation. Am/Eu separation factors as high as 5900 were obtained. Unfor-(SF Am@Eu ) tunately, reasonably high Am(III) distribution ratios (D Am ) were only observed for a pH range of 3 to 5, which is not suitable for industrial process development. Attempts to shift the high Am(III) affinity to a practical low aqueous pH range, while maintaining high were then carried out by SF Am@Eu , using Cyanex 301 and O-bearing neutral co-extractants.4h6 Finally, Modolo et al. 7a were successful in modifying the nature of the substituents on dithiophosphinic acid. When replacing the alkyl groups R in with electron-R 2 PSSH withdrawing groups, like phenyl, tolyl or halogen-substituted phenyl groups, synergistic mixtures involving these new dithiophosphinic acids and O-bearing neutral organophosphorus co-extractants were found to be able to extract selectively An(III) over Ln(III) from acidic aqueous feeds (C HNO3 as high as 1.5 M can be used for the best case). Among the synergistic mixtures studied by Modolo et al.,7a the best for process development appears to be di(chlorophenyl)-dithiophosphinic acid and tri-n-octylphosphine [(Cl') 2 PSSH] oxide (TOPO).
In a Ðrst paper,8 we attempted to interpret the mechanism of the An(III)/Ln(III) group separation observed with the synergistic mixture of Cyanex 301
and O-bearing (R 2 PSSH) neutral co-extractants. Numerous theoretical chemistry methods were used to interpret the observed An(III)/Ln(III) selectivity. It was demonstrated that high values were SF Am@Eu due to a covalent e †ect in the M(III)ÈS bonds, which was greater for Am(III) than for Eu(III). This covalent e †ect could be controlled by the donor ability of the O atom of the neutral co-extractant.
The present article pursues the analysis using the data obtained by Modolo et al.,7a on Am(III)/Eu(III) separation obtained with synergistic mixtures comprising (Cl') Table 1 Names, acronyms and semi-developed formulae of acidic S-bearing and neutral O-bearing extractants considered in this article Name Acronym Semi-developed formula
Methods
Quantum chemistry calculations were performed with the GAUSSIAN 98 code9 on a Silicon Graphics bi-processor workstation at CEA/Marcoule. The ab initio calculations used a 6-31G* basis set. The molecular geometry of all coextractants and S-bearing extractants was fully optimized and the Mulliken net atomic charges were computed. 2 PSS~\ R(RO)PSS~\ (Cl') 2 PSS~\ R 2 PSS~. The softness of the PSS~groups depends signiÐcantly on the substituents of the P atoms of these molecules. The oxygen atoms in the RO substituents attract electron density from the S atoms, resulting in decreasing basicity (softness) of the S atoms. Quantum chemical calculations using the 6-31G* basis set are fully consistent with these extraction results for R 2 PSSH and extractants : the sulfur atoms in (Cl') 2 PSSH R 2 PSSh ave more negative charge than those in as (Cl') 2 PSS~, shown in Table 4 . Moreover, the substituents R, RO and signiÐcantly change the e †ective charge on the funcClC 6 H 4 tional group PSS~. The softness of the dithiophosphinic acids depends on the e †ective charge on the PSS~moiety rather than only on the e †ective charges on the S atoms. This suggests that the extraction ability of dithiophosphinic acids is not only determined by the MÈS bonds but also by the MÈP repulsion.
According to a rough conventional view,12h14 hard cations (acceptors or Lewis acids) coordinate to various hard ligands (donors or Lewis bases) mainly by electrostatic interactions. Conversely, soft cations form covalent bonds with soft ligands. However, the literature demonstrates that hard Ln(III) Lewis acids can be coordinated simultaneously with hard (O) and soft (S) donor atoms15 in ion-pair complexes such as where Table 2 ). In ref. 8 , it was shown that the mechanism of Am(III) and Eu(III) extraction by with a hard (O) atom co-R 2 PSSH extractant B is mainly governed by the change in the nature of the MÈS bond owing to the transfer of electron density in the system O % M % S : the hard O atom controls the donor properties of the S atoms in the acidic S-bearing extractant.
The combination of ligands with hard and soft donor atoms thus opens a wide range of possibilities for extraction in twophase systems. The interpretation of the formation of these mixed complexes within PearsonÏs theory is a new task for solvent extraction chemistry. A key question in this Ðeld is the relative position of Am(III) and Eu(III) [and, more generally, of the two series of trivalent ions An(III) and Ln(III)] in PearsonÏs useful cation hardness/softness classiÐcation,12,13 which is still used today.14,16 The high selectivity for Am(III) vs. Eu(III) in solvent extraction using extractants with soft S donor atoms signiÐcantly modiÐes the conventional presentation.11h14,16h18
According to Pearson,12,13 independently of their oxidation states, lanthanide and actinide ions as a group are classiÐed as hard acids, but the position of the individual An(III) or Ln(III) ions on this hardness/softness scale is not known. This raises the following questions. (i) Does the hardness character of (h a ) An(III) and Ln(III) change along the f-block families ? (ii) What is the di †erence in between corresponding Ln(III) and An(III) h a ions along both series of elements ?
PearsonÏs qualitative concepts were treated quantitatively by several groups.11,16h18 The theory of hardness/softness based on quantum chemical perturbation theory was developed by Klopman11 and a quantitative scale of hardness (h a ) was established for many cations, including a single f element, La(III). In this section, these calculations are extended to all trivalent f-block ions. The frontier orbitals, that is the highest occupied molecular orbital of a donor atom (or base) and the lowest empty orbital of the acceptor atom (or acid) were considered.11 If the di †erence between these orbitals is large, very little electron transfer occurs from the donor to the acceptor atom, and the chemical bond is ionic. Conversely, partial charge transfer from the donor molecular orbital to the acceptor orbital results in covalent bonding. In this model, the electron transfer e †ect from the ligand L to the metal M (M^L) leads to covalent bonding and decreasing ionicity of the MÈL bond. Decreasing ionicity is more often responsible for a desolvation e †ect. The hardness character measured in energy units, is h a , deÐned as :
where and are the atomic orbital energy of the free E orb E des ion M(III) and its desolvation energy, respectively, is given E orb by :
where I3`and I2`are the third and the second ionization potentials of M, and b2 is a variation parameter corresponding to the transferred electronic density. Klopman11 proposed a constant value for the b2 parameter equal to 0.25 for all cations, independent of their charge (z \ 1 to 4). is given E des by :
where C is a constant arising from unit conversions and is equal to 14.39 eV, is the e †ective solvation radius of M and R s e is the dielectric constant of the medium.
The calculated hardness character of Ln(III) and An(III) h a with the values of the di †erent parameters used in the calcu- Table 5 Calculated hardness character of Ln(III), Am(III) and Cm(III) and parameters used in eqn. (4)È (6) .
is the e †ective solvation R S radius, and are the orbital and desolvation energies respec-E orb E des tively, and is the hydration enthalpy Table 6 , where the (calculated as described above) h a of Ln(III) (in italics), Am(III) and Cm(III) are included in the series of hard cations.
All trivalent lanthanides appear to be hard acids. However, the values of the lanthanide hardness character range over a rather wide (3.8 eV) interval, from 5.48 eV for Lu(III) to 1.72 eV for Eu(III). This range for the lanthanide hardness character is comparable to that for hard cations [4.6 eV from Al(III) to Ga(III)] and soft cations [5.6 eV from Cr(II) to Hg(II)].
The hardness character of Am(III), at 3.10 eV, is comparable to that of Nd(III) and is signiÐcantly higher than that of Eu(III) (1.72 eV). This result appears to disagree completely with extraction results, which show better extraction of Am(III) than Eu(III) by puriÐed Cyanex 301, which was previously considered as evidence of the softer character of Am(III) compared with Eu(III).5,22 This contradiction is discussed in the next section. Here, based on the extraction results, it can be concluded that the nature of the bonds in the Am(R 2 PSS) 3 complexes approaches those in similar complexes with d-block transition elements. Although the LnÈS bond is weaker than the MÈS bond (M being a d-block transition element), the di †erence is not very signiÐcant15 for the complexes (where and
). Fig. 1 Fig. 1 shows that the trend in Ln(III) hardness character is similar to the trend in charge transfer energy. Although less obvious, a similar conclusion applies to An(III) : the trend of with Z is close to those observed for the charge trans-(h a ) An(III) 
Experimental data base and scope of anticipated problems
An analysis of the experimental data presented in Table 2 raises problems that must be solved to interpret the synergistic e †ect on the extractability of Am(III) and Eu(III). Accordingly, some co-extractants B were classiÐed into two groups.
Group 1 : TBP and TBPO ; TOP and TOPO ; T2EHP and BPOPO. The Ðrst class of co-extractants B shows a simple and clear regularity for the extractability of Am(III) and Eu(III). Extractability with TBP is less than with TBPO, since the O atom is a weaker donor in the former co-extractant than in the latter. In fact, the low electron affinity of the butyl group in TBPO induces a high basicity in the O atom and thus a strong synergistic e †ect. Conversely, the high electron affinity of the butyl-O group in TBP induces a low basicity in the O atom, and hence a weak synergistic e †ect.
In Cl') 2 PSSH, tivity, when employed in synergistic combinations with the same co-extractants B, TBP and TOPO. For the two branched phosphate and phosphine oxide co-extractants, T2EHP and BPOPO respectively, the extractability of Am(III) is greater than that of Eu(III), but the selectivity is greater for T2EHP.
Group 2 : TOP, T2EHP and TOPO. The higher selectivity observed with T2EHP demands a theoretical explanation.
Synergistic e †ect in the systems M(III)/(ClU) 2 PSSH/B
The synergistic e †ect can be evaluated by considering the ratio of the distribution ratios for the extraction of M(III) by synergistic mixtures and by alone. Thus :
To be able to calculate must be evaluated D M syn(B), D M@(Cl')2PSSH for the extraction with alone, because these data (Cl') 2 PSSH were not determined experimentally at similar pH values. This will be done in the following.
The data on the extraction of Am(III) and Eu(III) by the two sets of synergistic systems Cyanex 301 and (R 2 PSSH) ] B5 (Table 2) refer to three common co-(Cl') 2 PSSH ] B extractants (TBP, TOPO and TPP). Fig. 3 shows that the extractability of Am(III) and Eu(III) are linearly related in logÈlog plots of the two systems using these co-extractants. On the other hand, the extractability of Am(III) and Eu(III) in the absence of B is known for With these two series R 2 PSSH.5 of data, and from the linear relationships of Fig. 3 , the distribution ratios can thus be calculated for the extraction of Am(III) and Eu(III) by
The following results were (Cl') 2 PSSH. obtained for the experimental conditions given in Table 2 Fig. 4(a) ]. In the extraction of Am(III) and Eu(III) by Cyanex 301 ] B synergistic mixtures, a poor correlation is observed between the extractabilities of the two metal ions [ Fig. 4(b) ], although good selectivity is observed for (SF Am@Eu ) B \ TPP, TtBP and D2EHDMBA, for which the extractability of Am(III) seems frozen while that of Eu(III) varies sharply. In the extraction of Am(III) and Eu(III) by (Cl') 2 PSSH ] B synergistic mixtures, two co-extractants (TOP and T2EHP) do not enter in the correlation between the extractabilities of the two M(III) ions [ Fig. 4(c) ]. Without these coextractants, the correlation coefficient would be very good (R2 \ 0.99). From these facts, it follows that a high selectivity between Am(III) and Eu(III) means a strong synergistic e †ect for Am(III) complexes and/or a strong antagonistic e †ect for Eu(III) complexes. Table 7 shows the values of the synergistic e †ects for D M syn(B) the extraction of Am(III) and Eu(III) by mix-(Cl') 2 PSSH ] B tures, calculated according to eqn. (4) . The data in Table 7 support the following qualitative considerations : the synergistic e †ect depends on the cation complexation with extractants and on the compatibility of the donor atoms in B and the S-bearing extractants. (ii) When the synergistic e †ects are bonding, that is the co-D M syn(B) P 0, extractants B promote the formation of MÈS bonds. The synergistic bonding e †ect is stronger for complexes of Am(III) than for those of Eu(III Table 8, together with The following conclu-D Eu syn(B). sions can be drawn. In complexes, the Eu/(Cl') 2 PSSH/TOPO co-extractant TOPO does not possess as high a donor ability as in the e †ect of TOPO on Eu/R 2 PSSH/TOPO ; R EuhS is therefore less. In complexes no coEu/(Cl') 2 PSSH/B extractant which is as strong a donor as CMPO was used in the extraction with Cyanex 301 ; as a result, no
as (Fig. 6) ,
uncertainty, we can con-A clude that these distances are the same.
In our previous paper, we studied the mechanism of the synergistic e †ect in the extraction of Am(III) and Eu(III) by (Cyanex 301).8 In this section, the synergistic e †ects R 2 PSSH of the two extractants and with the (Cl') 2 PSSH R 2 PSSH common co-extractants TBP, TPP and TOPO are compared in Fig. 7 , which shows an antagonist e †ect with TPP (D M syn \ 0) and synergistic e †ects with TBP and TOPO (D M syn [ 0).
Antagonistic e †ects of TPP. Two main mechanisms can be considered for the antagonist synergistic e †ects observed with TPP : steric incompatibility of the soft donor atoms S of acidic S-bearing extractants and the hard O atom of B in the M(III) coordination polyhedra, and coordination incompatibility of soft and hard donor atoms in the S-bearing extractant and co-extractant respectively, resulting in decreasing basicity of the soft donor atoms S caused by back electron transfer : soft donor ] cation ] hard donor.
In the case of TPP, with both and (Cl') 2 PSSH R 2 PSSH extractants, the antagonistic e †ect could stem from the steric e †ect arising from the relative arrangement of the phenyl groups of TPP. It is greater for complexes of Eu(III) than for those of Am(III), undoubtedly because Eu(III) has a smaller ionic radius than Am(III) Table 2 ) because of the weak complexation of Am(III) with (Cl') 2 PSSH.
Synergistic e †ects of TBP. 
/TOPO complexes, no doubt due to the stronger bonds MÈS (Cl')2PSSH formed. In conclusion, each co-extractant B has its speciÐc inÑuence.
Donor properties of co-extractants B
The di †erent distances in complexes R EuhS Eu/(Cl') 2 PSSH/B compared with reÑect the additional e †ects Eu/(Cl') 2 PSSH due to the change in basicity of the S atoms and the change of EuÈS/EuÈO bond energies caused by electron transfer within the O 7 M(III) 7 S system. This process is mainly thought to result in the enthalpy mechanism of MÈS bond reconstruction in the complexes. Another aspect of the change in MÈS distances is the steric e †ect, that is the arrangement of the soft S atoms around the cation. This process is mainly thought to result in the entropy mechanism of MÈS bond reconstruction during the synergistic extraction of M(III). Caution is therefore necessary with regard to these qualitative proposals because both e †ects are usually superimposed in extraction data.
Keeping this in mind, these e †ects can be considered using quantum chemical calculations of the e †ective charges in the co-extractants. In fact, we proposed that the synergistic e †ect of the B molecules depends on the basicity of the hard oxygen atom in accordance with the statement : the more negative the charge on the oxygen atom in the co-extractant, the higher its donor ability, and the larger the distribution ratios and D Am(III) The e †ective charges Q(O) were calculated for all D Eu(III) . phosphates and phosphine oxides B using an ab initio method with a 6-31G* basis set. The correlation (R2 \ 0.79) between the experimental values log and Q(O) is quantitatively in D Am line with the above statement [ Fig. 8(a) ]. Note that the basicity of the hard oxygen atoms in phosphates (TBP, THP, TOP, T2EHP and TAP) is almost the same. According to the correlation, their Am(III) extractability should be similar. Consequently, the enthalpy role in the formation of complexes is thought to be signiÐcant for Am/(Cl') 2 PSSH/B all co-extractants. Fig. 8(b) shows the correlation between log and Q(O). D Eu(III) This correlation is not as good as that with log
In the D Am(III)
. case of Eu(III), the synergistic e †ect sharply decreases from TBP to TOP and T2EHP [which have similar Q(O)], meaning that the extraction mechanism di †ers from that for Am(III). We can again conclude that, thermodynamically, the mechanism of Eu(III) extraction with TOP and T2EHP di †ers from that for Am(III). This is possibly due to di †erent enthalpy/entropy contributions. The enthalpy extraction mechanism is certainly due to the greater covalency of AmÈS bonds in comparison with EuÈS bonds.
Finally, the donor properties of B molecules with respect to the synergistic e †ect can be classed as strong (TOPO, TBPO, BPOPO and TPPO), intermediate (TBP, THP, TOP, T2EHP and TAP) and weak (TPP and TMP). The branched coextractant BPOPO, which displays peculiar behavior, has a highly donating oxygen but gives low extractability in its complexes, and is thus excluded from the classiÐcation. For the The e †ective charges on the P atoms in B molecules were also calculated (same method as previously). and T2EHP are in good agreement with the d(31P) shifts in these molecules. This is also in agreement with the Q(O) and Q(P) charges and with the same synergistic e †ect. These correlations can be interpreted as an enhanced enthalpy e †ect in the extraction of Am(III) with the co-extractants considered. Note that the TMP ligand is certainly partially present in the aqueous phase, owing to its lower lipophilicity in comparison with the other organophosphates studied. This precludes a simple interpretation of the TMP data. It follows from the correlations in Fig. 10 that a signiÐcant e †ect for Am/Eu selectivity arises from the crowding of the branched RO groups in the co-extractants, as in the case of T2EHP. For the extraction of Am(III), the e †ect of branched RO groups is weak but for Eu(III) it is strong : for phosphates having the same donor properties but di †erent alkyl groups, there is a relatively small variation of whereas the D Am(III) , variation of is large. This di †erent behavior determines D Eu(III) the high selectivity observed.
Extraction mechanism with respect to the stability of the M(III)/B and complexes M(III)/(ClU) 2 PSSH Eqn. (4) describes the synergistic e †ect as the addition of a co-extractant to the complex We shall now M/(Cl') 2 PSSH. consider another way to form the mixed complex through the interaction of the two parent M/(Cl') 2 PSSH/B complexes, according to the schematic reaction (6) characterized by an equilibrium constant K stab .
The thermodynamics of mixed complex formation from parent complexes was previously described29 using the stabilization constant, Since the qualitative aspects of the K stab . extraction mechanism are mainly considered here, instead of the proportional term is used :
Comparison of eqn. (4) and (7) leads to :
meaning that the synergistic e †ect involves two parameters characterizing the stabilization of the mixed complex and the formation of the M/B complex. Considering only the di †er- 
This model is only qualitative and has been proposed to analyze the trend in the change of contributions of di †erent terms for the overall selectivity log The parameters SF Am@Eu . in eqn. (10) and (11) are known. The values of and log D M@B Fig. 11 Comparison between the Am/Eu selectivity and the stabilization of the M/B parent complexes for 12 co-extractants B. 
